Abstract. Frequency-domain identification method of the
Introduction
Nowadays electric power conversion circuits are basing on power electronics, measurements and control solutions. All that combined together with widely available data exchange means creates foundation for advanced electric power conversion systems [1] . Such systems are complex and exposed to changing operating conditions. In addition they are quite often safety related.
In such case there is a real need for trustworthy solutions for fast and relatively easy transfer function identification of selected power system components (circuits). Knowledge of the transfer function helps to develop tailored control solutions dedicated to the real world circuits [2] . In such case selection of the control mechanism relies on sufficient set of information in given range of the dynamics, without compromise on relevant gains and time constants which may have direct impact on dynamic performance and stability.
There is a number of identification methods reported in literature [3] , which could be used to identify miscellaneous systems. In this paper we concentrate on one of the fundamental methods basing on analysis in frequency domain [4] . The method is called Frequency Response Analysis, FRA, [3] . The sampled signal analyses are conducted with use of Matlab&Simulink environment.
As the identification object the Dual Active Bridge DC/DC converter, DAB, is used [5] . The circuit, see Fig.1 , is considered as a promising power electronics building block solution for the solid state transformers, SST, [6, 7] . The SST is one of the key components of the future smart grids. Despite of relatively long circuit existence, since 80'ties, it is still considered as significant challenge in terms of design, mathematical modelling and digital control [6, 8] .
In order to simplify the control design of such a circuit the frequency domain transfer function identification method is used to estimate control-to-output transfer function. Basing on the function, the controller type is selected -PI in this case. As next, the PI gains are selected and verified with an experimental setup. The circuit measurements are compared to developed simulation model results.
In this paper, as first the considered DAB circuit is presented. As next, the control-to-output transfer function is estimated basing on measurement points. This is followed by closed loop regulator selection and tune accompanied by a simulation model. In the end conclusions are given.
The Dual Active Bridge converter as the identification object
General block diagram of considered DAB converter can be seen in Fig.1 . Its parameters can be seen in Table 1 . The primary design objective was to create an experimental setup meant to be used for testing of chosen transfer function identification method.
The rated DC output voltage,
,
, was chosen to be equal to 30 V, and this with input rated voltage, , , set to 60 V. Maximum output power, , , was assumed as 80 W. The converter efficiency was not optimized during the design phase but aimed at near to 80%. The F450R12KS4 IGBT modules were used as the switching devices. As the signal processing and control platform the STM32F4-Discovery board with a 12 bit A/D converter was used. The switching frequency was set to constant value of 16 kHz. As the DAB power transfer control method the Single Phase Shift modulation, SPS, was used [7, 8] . The method is basing on variation of the phase shift, , between the input voltage side, , , and the output voltage side, , , gate drive signals. The duty cycle of all the gate drive signals, and , is set to 50 %. The dead time , , of 1 s is applied between the upper and the lower signals in order to avoid the short circuits in between switching. By changing the phase shift, the power transfer is controlled basing on variation of the inductance current, , which is the same as the input transformer current , , see drawing in Fig.2 . Apart from the control method used, there are also different control methods. They rely on duty cycles variations of the input and output side transistors [7] . It is in addition to the variation. Most recently there are also further extensions of the control methods aiming at reduction of the DC-bias transformer current [9, 10] and the converter efficiency increase at low load [11] . , tolerance (±10 %) in function of the . The results can be seen in Fig.3 . They are combined with theoretical curves calculated according to the following equation (1): The theoretical characteristics from Fig.3 are above the measured ones because the equation (1) does not take into account the real converter efficiency. In addition, one should notice that the measured characteristics do not start from zero power at 0 rad. The main contributor to that is the dead time analyzed in details in [7, 12] . The maximum measured output power at , = 30 V is , = 77 W which is near enough to the assumed 80 W. Measured efficiency of the tested circuit can be seen in Fig.4 . It exceeds 80 % in the output power range of 9 W to 63 W. Nowadays it is not a satisfactory result for commercial products. Nevertheless such optimization was not assumed as task for this research and is not a subject to this paper. One should only notice that the DAB converter efficiency optimization is a complex multivariable optimization effort. Up to date research results report about 95 % as the high end [12, 13] . The equation (2) was estimated with fit to the estimation data equal to 96.3 % and its Bode plot together with the measured data points can be seen in Fig. 6 . The magnitude decrease by 3 dB point is located at frequency of 4 Hz. The estimated transfer function was also verified through comparison of the calculated/simulated and the experimentally measured step response of the output voltage to the phase shift command at time of 0.1 s, see Fig. 7 . Obtained results indicate sufficient accuracy of the equation (2) and therefore it was used as the object transfer function during the output voltage closed loop control design. Step response of (control-to-output) experimentally measured, DAB,out exp,m,c2o , and simulated, , a basic discrete time PI regulator was selected to control the DAB converter output voltage. The proportional, , and integral, , gains values, see Table 2 , were selected experimentally basing on few simulation model runs. For purpose of the simulations the Such high estimation fit is due to the clearly defined identification object and lack of the measurement noise present in the real circuit.
Obtained by measurements and simulation data points together with the estimated closed loop transfer functions' Bode plots can be seen in Fig. 8 . The results are sufficiently convergent. Small discrepancy in phases is caused by lack of delays associated with the real time computing and lack of measurement noise in deliberately simplified simulation model. The -3dB point in Fig. 8 is at 30 Hz instead of the 4 Hz indicated in Fig. 6 . Similarly like for the control-to-output case, the estimated reference-to-output transfer function was verified by comparison of the output voltage step responses to the reference command at time of 0.1 s, see Fig. 9 . Results shown in Fig. 9 a) are with the PI regulator gains set to avoid the output voltage overshoot and they are corresponding to the Bode plots shown in Fig. 8 . Results with more aggressive PI tuning can be seen in Fig. 9 b) . There is slightly faster reference voltage reach on expense of about 15 % overshoot without loss of stability. The closed loop regulator tuning in the presented case was conducted basing exclusively on an identified object transfer function, without any parametric modeling. Estimated transfer functions are sufficient for both to tune the regulator and to develop simplified mathematical/simulation models.
Conclusion/Summary
Identification method basing on the frequency-domain has been successfully applied to the Dual-Active-Bridge converter transfer function determination.
The identified transfer function has been used to design the output voltage closed loop control with a PI compensator. The PI gains firstly have been selected through simulation in Matlab-Simulink environment and secondly verified with a prototype in laboratory.
Obtained experimental results confirm usefulness of the frequency response analysis (FRA) method to identify mathematical models of advanced power electronics converters such as DAB.
Further research will be carried on identification of the circuit in conjunction with the nearest surrounding system components including nonlinearities. 
